Tumor necrosis factor alpha (TNF-␣) was isolated in 1975 as the agent capable of inducing necrosis of tumors and has been exploited to treat malignancy (11); however, its major role appears to be in early inflammatory responses and the host response to intracellular organisms. TNF-␣, along with interleukin-6 (IL-6), primarily mediates the acute-phase response. It is capable of inducing the expression of adhesion molecules that regulate migration of neutrophils in an early inflammatory response, and it induces the expression of NO in mice and an unknown mediator in humans that is required for intracellular killing of mycobacteria (2, 15, 45, 57) . Given these important roles, it is no surprise that therapeutic inhibition of TNF-␣ leads to an increase in infections and lymphoma (4, 20) .
The regulation of expression of TNF-␣ is complex. Transcription is regulated in a tissue-specific and stimulus-specific manner (17, 18, 59) . While many cells can produce TNF-␣, the dominant producers of TNF-␣ are myeloid cells and T cells (8) . Myeloid-lineage cells produce TNF-␣ upon stimulation of Toll-like receptors, activation via cytokines, and activation via lipid mediators (24, 35, 37, 53) . In each case, TNF-␣ is rapidly upregulated with transcription initiating within minutes and protein production beginning within a few hours. In the response to lipopolysaccharide (LPS), the rapid production of TNF-␣ protein is dependent on transcriptional effects, regulation of message splicing, regulation of message turnover, and regulation of translation (14, 35, 41, 59) . Distal effects include cleavage of the mature trimer from the cell surface by a metalloprotease, TNF-␣-converting enzyme (TACE) (1) . This complex regulatory strategy is felt to be critical to control a cytokine with significant pathological consequences associated with both overexpression and underexpression.
The transcriptional regulation has been extensively studied, and expression in transient transfection assays is primarily controlled by a small promoter fragment spanning Ϫ120 to Ϫ1 (19, 47, 58) . Transcription factor binding is tissue specific and stimulus specific (46, 60, 66) . Nuclear factor of activated T cells (NFAT) plays a major role in T-cell expression, while Egr-1 plays a major role in monocyte expression. CBP/p300 and activating transcription factor 2 (ATF2) have both been demonstrated to play a role in TNF-␣ transcription, and both are directly capable of acetylating adjacent histones (17, 23, 26) . The gene coding for TNF-␣ is one of a set of genes inducibly expressed after LPS stimulation and belongs to the category of early response genes. TNF-␣ and other early response genes have rapid transcription after stimulation, which is independent of new protein synthesis. Secondary response genes include other inflammatory mediators such as IL-6 and IL-12, which are regulated distinctly. Although early response genes and secondary response genes typically rely on similar transcription factors (NF-B, AP-1, and C/EBP), the binding of NF-B is delayed in the secondary response genes and this appears to reflect chromatin accessibility (49) .
Very little is known about the epigenetic regulation of TNF-␣. An enhancer in intron 3 appears to specify T-cell transcription and displays DNase I hypersensitivity in T cells but not myeloid cells (5) . This Ets-binding enhancer was found to be important in the regulation of TNF-␣ expression in the murine monocytic cell line RAW264 in a transfection system, leaving open the question of its potential role in myeloid cells (56) . Maturation of monocytic cells and high-glucose conditions have both been shown to increase histone acetylation at the TNF-␣ locus, and this was, in turn, associated with in-creased TNF-␣ expression (34, 38) . The TNF-␣ gene in a murine monocyte cell line exhibits significant histone acetylation and is constitutively associated with BRG-1, a component of the SWI/SNF nucleosome remodeling complex. Depletion of BRG-1 did not affect transcription of TNF-␣, suggesting that it may be involved in the establishment of the chromatin environment but is dispensable for maintenance (44) . Studies of other cytokines have shown that tissue-specific expression may be controlled epigenetically, and these data suggest that histone modifications represent a common regulatory strategy for cytokines (32) .
The ability of a promoter to bind relevant transcription factors appears to reflect a summation of events that define competence, including nucleosome position, histone modifications, nuclear localization, and DNA methylation status. The localization of a gene within permissive euchromatin or repressive heterochromatin has not been extensively studied but appears to strongly predict competence for transcription (10, 48) . Localization to transcription factories may also be important for the coordinate regulation of genes (43) . Allelic exclusion of immunoglobulin genes is mediated in part through sequestration of the inactive allele in heterochromatin (29, 48) , demonstrating the importance of correct nuclear localization. DNA demethylation is also a precondition for transcription in general. DNA demethylation is typically required for active transcription and is most often developmentally regulated (3, 62, 63) . In addition, genes may be regulated through modification of histones. Histone H3 lysine 4 dimethylation and trimethylation occur at the transcription initiation site, with trimethylation having a high correlation with active transcription and dimethylation signaling a state of readiness or competence (7) . H3 lysine 4 methylation facilitates interactions with BRG-1 and SNF2H chromatin remodeling factors via Nurf (30, 51, 64) . Greater understanding of the sequence of epigenetic changes at the TNF-␣ locus may lead to improved therapeutic strategies.
Our previous work demonstrated that maturation of monocyte lineage cells was accompanied by increasing histone acetylation at the TNF-␣ locus (34) . Furthermore, inhibition of histone deacetylases, which leads to globally increased histone acetylation, was associated with an increased ability of a cell line to produce TNF-␣. Other studies have suggested that the TNF-␣ gene may be poised, with acetylated histones, prebound Brg-1, and an open chromatin conformation (44) . This article describes the developmentally regulated epigenetic changes leading to transcriptional competence, demonstrates that epigenetic changes directly regulate transcriptional competence, and describes additional changes occurring with transcription. As TNF-␣ is a cytokine implicated in a wide range of inflammatory disorders, definition of the variables governing transcription has become extremely important.
MATERIALS AND METHODS
Cell culture, transfections, and reagents. K562, THP-1, and HL60 cells and monocytes/macrophages were cultured in RPMI with 10% fetal bovine serum. The NTERA-2cl.D2 cell line was cultured in Dulbecco's modified Eagle's medium with 10% fetal calf serum. Monocytes were obtained from normal human donors and purified by elutriation at the Penn Center for AIDS Research. They were approximately 90% pure as defined by CD14 expression. Macrophages were differentiated by adherence to plastic for 7 days. Hematopoietic stem cells were obtained from peripheral blood after stimulation (Fred Hutchinson Cancer Center, Seattle, WA) and were purified by Miltenyi Clinimacs to 90% purity and frozen according to standard protocols.
Transfection of cells was performed by electroporation. Two million cells were transfected by electroporation according to the manufacturer's recommendation (Amaxa Biosystems, Gaithersburg, MD) with 1.5 g of small interfering RNA (siRNA). The cells were rested for 48 h prior to analysis. The siRNA for RbBP5 was synthesized by the A4 protocol by Dharmacon to the target NNUGAACG UUGUGGCAUCUUU. The siRNA for Ash2L was synthesized by the A4 protocol by Dharmacon to the target NNAAAGAUGGCUAUCGGUAUA. Both of these siRNAs have been independently validated for their targets (13) .
The histone methyltransferase inhibitor 5Ј-deoxy-5Ј methylthioadenosine (MTA) was resuspended in an acidic solution, and the diluent was used in all of the control wells. The concentrations are indicated in Fig. 5 . Azacytidine and the histone deacetylase inhibitor trichostatin A (TSA) were added to cells at final concentrations of 250 nM and 100 nM, respectively. LPS (chromatography purified; catalog no. P-8139 [Sigma Aldrich, St. Louis, MO]) was used at 1 g/ml unless otherwise indicated. Phorbol myristate acetate (PMA [Sigma Aldrich]) was used at 100 ng/ml unless otherwise indicated. Immune complexes were produced using rabbit anti-bovine serum albumin as previously described and were used at 1 g/ml (34) .
hESC culture and hEB formation. The human embryonic stem cell (hESC) lines H9 and H1 (55) , cultured in mouse embryonic fibroblast-conditioned medium (MEF-CM) (12, 65) , were passed in MEF-CM. MEF-CM was collected as previously described (12, 65) and contained 8 ng/ml of basic fibroblast growth factor (bFGF). Maintenance of hESC lines was performed as previously described (12, 65) . In brief, hESC colonies were dissociated with collagenase IV (Gibco, Burlington, Canada) for 5 min and passaged every 6 to 7 days. Occasionally, hESC colonies maintained in MEF-CM were physically dissociated during passaging in order to reduce the numbers of fibroblast-like cells. Formation of human embryoid bodies (hEBs) was performed as previously described (12, 65) in EB medium alone or EB medium plus cytokines and BMP-4 (see Fig.  6 ). hEBs were collected at days 4, 10, and 15. Single cells from hESCs and hEBs were prepared as previously described (65) .
Flow cytometry, protein analysis, and RNA analysis. Cells were treated with BD Golgiplug (BD Pharmingen, San Diego, CA), stimulated for 6 h, and stained according to the manufacturer's instructions. For sorting and analysis, a FACSCalibur flow cytometer with CellQuest software was utilized (BD Biosciences, Mountain View, CA). Enzyme-linked immunosorbent assays (ELISAs) for TNF-␣ were performed as previously described (35) . RNA was quantitated by reverse transcription and quantitative PCR using ABI (Foster City, CA) TNF-␣ and 18S primers on a Taqman SDS 7900HT. The cDNA was normalized to the 18S signal and then expressed as an increase (fold) over the ESC signal (calibrator).
Bisulfite analysis. DNA was extracted with a PUREGENE Genomic DNA isolation kit (Gentra Systems, Minneapolis, MN). DNA (5 g) was digested with HindIII (New England Biolabs, Beverly, MA) and purified with a GeneClean II kit (Bio 101, Vista, CA). The purified DNA was denatured and treated with bisulfite as previously described (54) . PCR-generated fragments were amplified as two overlapping fragments using nested primers. The following oligonucleotides were used for fragment 1: PCR round 1, 5Ј-GATTTTAGAGTTTTTTGG AAGTTAAGA-3Ј and 5Ј-ATAATAAACCCTACACCTTCTACT-3Ј; and round 2, 5Ј-GTTAAGATTGAAATTAGTATTATGAGT-3Ј and 5Ј-AAAAAT TAAAAACACACAAACATCAAA-3Ј. The following oligonucleotides were used for fragment 2: PCR round 1, 5Ј-GTTTTTAGGGTTTTATATATAAAT TAG-3Ј and 5Ј-TCCATTTCCCCTTAAATAAAAAAAT-3Ј; and round 2, 5Ј-G TATTTTTGATGTTTGTGTGTTTTTAA-3Ј and 5Ј-TCACTCAAAATACAA CAAACAAAAA-3Ј. PCR products were subcloned into pGEM-T Easy plasmid (Promega, Madison, WI), and approximately 10 individual colonies were isolated and sequenced per experiment.
FISH analysis. For fluorescent in situ hybridization (FISH), cells were resuspended in 0.56% KCl for 20 min at 37°C. Fixative was added, and the cells were centrifuged and resuspended in fixative (3:1 methanol-glacial acetic acid) at a concentration of about 1 ϫ 10 6 /ml and maintained at Ϫ20°C. The slides were prepared as previously described (40) . The centromere probe set corresponding to the autosome centromeres was labeled with fluorescein isothiocyanate (FITC) (Vysis, Downers Grove, IL), the bacterial artificial chromosome (BAC) probe containing the TNF-␣ locus (RPCI-11-184F16; CHORI, Oakland, CA) was labeled with Spectrum orange (Vysis) by nick translation, and they were cohybridized at 37°C overnight with the cell DNA in hybridization buffer (Vysis) after denaturation. The slides were washed in 0.4ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.3% IGEPAL (Sigma, St. Louis, MO) at 74°for 5 min and then 2ϫ SSC-0.1% IGEPAL at room temperature for 3 min. DAPI (4Ј,6Ј-5148 SULLIVAN ET AL. MOL. CELL. BIOL.
diamidino-2-phenylindole) counterstain was added, and the slides were viewed on a Leica TCS SP2 spectral confocal system using z-steps of 3.7 to 10 M. ChIP. TNF 1, 2, 3, 4 primer-probe combinations have been previously published (34) . The TNF-1700 primer-probe combination lies within the 3Ј untranslated region of the lymphotoxin ␣ (LT␣) gene: downstream primer 5Ј-CCCCT GGGATGCCTAGAATT-3Ј, upstream primer 5Ј-CAACAGCTCAAGTCTTC CCTGAT-3Ј, and 6-carboxyfluorescein (FAM) probe 5Ј-TTGAAAGCTCCGG TGACT-3Ј. The 1417 primer-probe combination lies within the third intron enhancer (5): downstream primer 5Ј-CCTGGCCATGACGTTCTGA-3Ј, upstream primer 5Ј-AGGGAAGGGTGGAGGAACAG-3Ј, and FAM probe 5Ј-A TCCCACTAAGGCCTG-3Ј. The first intron primer is located at ϩ720: downstream primer 5Ј-TCTTTCCCTGAGTGTCTTCTGTGT-3Ј, upstream primer 5Ј-GCGGGAAATATGACAGCTAAGG-3Ј, and FAM probe 5Ј-AGGAGAGA AGAAGATAGGGTGT-3Ј. Threshold cycle (C T ) values were normalized to 10% of the input of the sample according to the formula 2
. Final values reported represent averages of duplicates or triplicates and multiple experiments.
Chromatin immunoprecipitation (ChIP) assays were done according to the protocol obtained from Upstate Biotechnology, with several modifications. Five to 10 million cells were treated with formaldehyde at a final concentration of 1% for 10 min at room temperature. Glycine was added to a final concentration of 0.125 M for 5 min at room temperature. Cells were washed and lysed, and DNA was sonicated to a size of approximately 200 to 400 bp. Chromatin was immunoprecipitated overnight with antibodies for total histone H3 (05-928), acetylated histone H3 (06-599), or acetylated histone H4 (06-866) (Upstate Biotechnology, Waltham, MA) or dimethylated histone H3K4 (ab7766), trimethylated histone H3K9 (ab8898), or trimethylated histone H3K4 (ab8580) (Abcam, Cambridge, MA). A negative control antibody (anti-glutathione S-transferase [GST]; Abcam) was always included but never gave a significant signal and is omitted from some of the figures for simplicity. Immune complexes were collected using a protein A slurry (Invitrogen, Carlsbad, CA), washed, and eluted. The DNA was reverse cross-linked overnight at 65°C and extracted via phenol-chloroform and ethanol. Protein was removed with proteinase K incubated at 65°C with 100 g of glycogen. Quantitation was performed on a Taqman SDS 7900HT.
RESULTS
DNA is demethylated at the TNF-␣ locus in cells that rapidly express TNF-␣. Bisulfite analysis was performed on two cell lines to define the status of DNA methylation at the TNF-␣ locus. The TNF-␣ gene does not contain a classical CpG island. A region of the promoter at Ϫ150 and a region in the first exon at ϩ450 contain CpG-rich sequences. The TNF-␣ locus from Ϫ668 to ϩ349 was sequenced from multiple clones after bisulfite treatment (Fig. 1 ). K562 cells are multipotent malignant hematopoietic cells and do not produce TNF-␣ after LPS or PMA stimulation. These cells have methylated or partially methylated DNA throughout this region (Fig. 1A) . Examination of individual K562 clones revealed that all clones exhibited sporadic methylation (Fig. 1B) . THP-1 cells fairly uniformly produce TNF-␣ in response to PMA or LPS, although some cells are refractory (Fig. 1C) . These cells were more extensively demethylated than the less mature K562 cells (Fig. 1A) . Individual clones were more heterogeneous than the K562 clones, with some clones exhibiting more extensive demethylation and some clones exhibiting more extensive methylation. THP-1 cells were sorted by flow cytometry based on intracellular cytokine staining. The nonexpressing cells were analyzed by bisulfite analyses, as were the expressing cells. The TNF-␣-expressing THP-1 cells (positive) were more extensively demethylated than the nonexpressing cells (negative) (Fig. 1A) . As an independent verification that DNA methylation status correlates with the potential to produce TNF-␣, HL60 cells were examined. HL60 is another myeloid cell line which produces TNF-␣. The TNF-␣ promoter of HL60 cells was slightly more demethylated than the TNF-␣-expressing THP-1 cells (Fig. 1A) . The TNF-␣ locus is partially partitioned in euchromatin. Localization of a gene within euchromatin appears to be a correlate of competence for expression (10, 52) . We used FISH analyses to define the position of the TNF-␣ locus within K562, THP-1, and Jurkat cells (Fig. 2) . The latter cell line is a T-cell leukemia line which expresses TNF-␣ after stimulation with PMA plus ionomycin. A set of centromere probes were used to define heterochromatin, and a BAC clone containing the TNF-␣ locus was used to define the nuclear localization ( Fig.  2A, B , and C). In each cell line, the TNF-␣ locus was found heterogeneously in both euchromatin and heterochromatin despite the differences in transcriptional competence (Fig. 2D) . THP-1 and K562 are triploid for chromosome 6. We defined heterochromatin colocalization as a distance of Յ0.3 m from a centromeric signal (48) .
The TNF-␣ locus has focused areas of histone modifications in cells that express TNF-␣. THP-1 cells and K562 cells were examined by ChIP analysis to define whether histone modifications were associated with competence to express TNF-␣ (Fig. 3) . In addition, THP-1 cells were tested 30 min and 90 min after stimulation with 1 g/ml of LPS to determine whether active stimulation altered histone modifications at this locus. The ChIP assays utilized real-time PCR primers and probes corresponding to four overlapping regions in the TNF-␣ promoter, one distant upstream region (Ϫ1700) within the 3Ј untranslated region of the LT␣ gene, and one distant downstream region (1417) located within the third intron enhancer of TNF-␣ (Fig. 3A) . The Ets-binding enhancer has been reported to function in both T cells and monocytes; however, the data on its role in monocytes are conflicting (5, 56) . THP-1 cells, which are competent to express TNF-␣, had more H3 dimethylated lysine 4 at the TNF-␣ locus than K562, which does not produce TNF-␣ (Fig. 3B) . LPS stimulation increased the H4 acetylation of the TNF-␣ locus at two specific regions, the distal upstream promoter (TNF4) and the enhancer region (ϩ1417). H3 acetylation was increased only in the enhancer region (ϩ1417). Acetylated H3 and H4, along with dimethylated H3 lysine 4, appear to mark both active promoters and enhancers, although there is extensive variation in the specific pattern (25) .
Histone H3 lysine 4 dimethylation and H3 lysine 4 trimethylation are increased in genes that are transcriptionally competent, with H3 lysine 4 trimethylation correlating with active transcription (7, 22, 50) . Exceptions to this pattern have been described (27, 42) . In particular, the upstream trimethylation mark is thought to cue phosphorylation of the C-terminal do- H4 acetylation persisted at 90 min. We hypothesized that the pattern of histone modifications overall, with lower levels of histone modifications at TNF1 and TNF2, was due to a lack of nucleosomes in this region. Confirming this, a ChIP was performed with an antibody recognizing total H3, which demonstrated that the proximal promoter region has little nucleosome content. The promoter appears to undergo some nucleosome remodeling after LPS stimulation (Fig. 3C) . The enhancer region and proximal promoter are most depleted of nucleosomes. An amplimer at ϩ720 in the first intron demonstrates that the nucleosome depletion at the third intron enhancer is specific for the enhancer and not due to generalized loss as a consequence of active transcription. In this figure, the negative control antibody, anti-GST, is shown. It was run as a control in all ChIP assays; however, for simplicity, it is shown in only this figure.
Epigenetic variables control TNF-␣ gene expression. To determine whether DNA demethylation or histone acetylation could enhance TNF-␣ expression, THP-1 cells were treated with 5-azacytidine for 24 h (Fig. 4A) . TSA treatment was also included as a histone deacetylase inhibitor. At 24 h, when most of the cells had divided once, TSA treatment increased the TNF-␣ produced after low-dose stimulation modestly. 5-Azacytidine augmented the ability of the cells to respond to LPS stimulation. 5-Azacytidine treatment led to demethylation of the TNF-␣ promoter (Fig. 4B) . These data support a direct role for DNA demethylation in the regulation of TNF-␣ expression. The biological effect was significant, with a doubling of TNF-␣ protein after low-dose LPS in spite of the fact that DNA demethylation was incomplete.
In certain systems, DNA methylation and histone modifications are mechanistically linked. Methylated DNA can serve as a docking site for methyl CpG binding proteins, which recruit histone deacetylases (9) . Conversely, DNA methyltransferases can bind to H3 lysine 9 methyltransferases to methylate DNA de novo (36) . To understand whether DNA methylation influences histone modifications or whether histone acetylation could influence DNA methylation, we treated cells with either TSA or 5-azacytidine. TSA treatment did not affect DNA methylation (Fig. 4B) . 5-Azacytidine treatment for 48 h did not substantially alter histone modifications (Fig. 4C) . H3 acetylation was increased in the 5-azacytidine-treated cells only after LPS stimulation. This was a consistent observation but of uncertain consequence.
Histone H3 lysine 4 methylation is typically associated with active transcription. To determine whether this epigenetic mark was critical for TNF-␣ expression, histone methylation was inhibited by MTA. MTA was added, and cells were stimulated 2 h later. Viability was assayed by trypan blue and was always greater than 90%. Six hours after stimulation, the cell supernatants were harvested and tested for TNF-␣ production by ELISA and intracellular flow cytometry. Various concentrations of MTA were tested in THP-1 cells, a cell line with maximal competence to produce TNF-␣. Inhibition of histone methylation markedly reduced the cells' ability to produce TNF-␣ (Fig. 5A) . Analysis by flow cytometry to determine whether individual cells became incompetent or whether all With MTA pretreatment at a 1 mM concentration, only 20% of the cells produced TNF-␣ and the mean fluorescence intensity of the positive cells was reduced (39.9 U) compared to that of the cells that did not receive MTA (Fig. 5B) . These data are consistent with a continuum effect. The H3 lysine 4 methylation evaluated on the ChIP assays is typically deposited via one of the mixed-lineage leukemia (MLL) family of histone methyltransferases which share a SET domain (33) . In humans, there are four MLL family histone methyltransferases, which interact directly with the basic transcriptional machinery (16) . MLL itself is part of a large complex including WDR5, which regulates interactions with the histone substrate Ash2L, which provides a structural role, and RbBP5, which may also play a structural role (13) . In addition, MLL members, both as cleaved forms and as intact protein, interact with menin and ASC2 (39). Knockdown of Ash2L or RbBP5 compromises dimethylation and trimethylation of H3 lysine 4 but not monomethylation (13) . To further demonstrate the role of H3 lysine 4 methylation, we transfected THP-1 cells with siRNA for RbBP5 and Ash2L. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) siRNA was used as a control. Figure 5C demonstrates the decrease in TNF-␣ production by ELISA after transfection with either siRNA to Ash2L or RbBP5, consistent with a role for MLL in the methylation of H3 lysine 4 and demonstrating the importance of H3 lysine 4 methylation in the regulation of TNF-␣. This effect was independent of stimulation, as one would expect. ChIP assays on transfected cells revealed a clear decrease in H3 lysine 4 methylation at intron 3 in resting cells; however, an effect at the promoter was not observed, perhaps reflecting the low levels of H3 lysine 4 dimethylation and/or a limitation of the transfection efficiency (Fig. 5D) .
It is not possible to alter nuclear localization; however, we attempted to address whether nuclear localization was fixed or mutable. THP-1 cells were treated with 1 g/ml LPS to induce TNF-␣ expression. Two hours later, FISH was performed to define nuclear localization (Fig. 2D) . LPS stimulation drove the TNF-␣ locus completely into euchromatin, suggesting that nuclear localization is an independent variable governing TNF-␣ expression. This result is somewhat surprising. The limited data on nuclear localization have suggested that this is largely developmentally regulated. These data demonstrate that nuclear localization is modifiable by acute stimuli.
Evidence from primary cells. These data suggested that an orderly progression of epigenetic changes lead to transcriptional competence and production of TNF-␣. DNA demethylation appeared to correlate with hematopoietic cells acquiring competence to produce TNF-␣. Nuclear localization was heterogeneous in all three cell lines. Each of the cell lines examined had a TNF-␣ locus partitioned in both euchromatin and heterochromatin. Finally, histone acetylation appeared to correspond with both competence to express TNF-␣ and active transcription. H3 lysine 4 dimethylation correlated with transcriptional competence, while H3 lysine 4 trimethylation was induced with active transcription. We wished to confirm these findings as much as possible in primary cells because it has become clear that malignant transformation can be due to altered epigenetic control of gene expression (28) .
hESCs, EBs at various stages of development, hematopoietic stem cells, liver tissue, and peripheral blood monocytes and macrophages were examined. The developmental statuses of the ESCs, EBs, and hematopoietic stem cells were confirmed by flow cytometry and microscopy (Fig. 6) . The ESCs and EBs had distinct morphologies by phase contrast (Fig. 6A) .
The embryonic stem cells were also positive for the POU transcription factor Oct 4 and the homeodomain protein Nanog (Fig. 6A) . To further confirm the identity of the ESCs, flow cytometry was performed. ESCs are typically defined as SSEA-1 negative or SSEA-3, SSEA-4, and Tra-1-81 positive (Fig. 6B) . EBs containing endoderm, mesoderm, and ectoderm develop CD34-positive hematopoietic precursors by day 10 (Fig. 6C) . These studies confirm the identity and purity of the ESCs and the EBs. Hematopoietic stem cells and less mature cells do not produce TNF-␣, while peripheral blood monocytes and fully differentiated macrophages do produce TNF-␣ protein and message after stimulation ( Fig. 6D and E) . The monocytes used in these studies were purified by elutriation. Although their surface phenotype is somewhat heterogeneous, 90% of the cells produced TNF-␣ after stimulation, as defined by intracellular cytokine staining (Fig. 6F) . The surface phenotype varied somewhat from donor to donor but was typically 100% DR ϩ , 100% HLA class I positive, 60 to 70% CD11b ϩ , 60% CD14
hi , 30% CD14 lo , 20% CD16 ϩ , and 0% mannose receptor positive.
DNA methylation was examined by bisulfite analysis, as before, in these primary cells (Fig. 7 ). These data demonstrate quite clearly that the TNF-␣ locus undergoes substantial demethylation during the transition from EB to hematopoietic stem cell. These EBs are capable of differentiating into the three germ cell layers and at day 11 include cells with hematopoietic potential (12, 61) . At all stages, EBs contain heterogeneous cell types. At the point of hematopoietic stem cell development, exon 1 appears to be largely demethylated, while the promoter is partially methylated. With further differentiation into peripheral blood monocytes and fully differentiated macrophages, the promoter undergoes additional demethylation. This full demethylation extends to a point in the primary cells that was also demarcated in the cell lines between Ϫ170 and Ϫ239.
Nuclear localization in primary cells was more clear cut than in cell lines. The TNF-␣ locus was found exclusively in heterochromatin in ESCs, EBs, and hematopoietic stem cells. In primary monocytes, the locus was found in euchromatin consistently (Fig. 8) . It became clear that in the primary cells, there was a gradual transition from heterochromatin, with the TNF-␣ locus stepping progressively farther away from the centromeric heterochromatin (Fig. 8B) . In undifferentiated ESCs, the TNF-␣ locus was always embedded in centromeric heterochromatin. In EBs, the TNF-␣ locus was found both embedded in heterochromatin and adjacent to heterochromatin probes. Hematopoietic stem cells also had their TNF-␣ locus in heterochromatin, as defined by a proximity of Յ0.3 m; however, none of the probes were directly embedded within heterochromatin. The functional significance of this is uncertain. Monocytes always had their TNF-␣ loci in euchromatin.
Hematopoietic stem cells and primary monocytes were examined by ChIP to define H3 and H4 acetylation and methylation status (Fig. 9A) . Hematopoietic cells do not produce TNF-␣ and do not bear any of the histone modifications characteristic of activation examined in this study. Monocytes demonstrated slightly higher histone H4 acetylation and H3 lysine 4 methylation at their baseline than THP-1 cells. (Note that the y axes are different between Fig. 3 and 9 .) Both H4 acetylation and H3 lysine 4 trimethylation increased dramatically early in transcription. The pattern was similar to that in the cell lines, but the magnitude was greater (with the axes expanded for the primary cells). The histone modifications are largely back to baseline 90 min after LPS treatment. We also examined hematopoietic stem cells and monocytes for the presence of a modification that is characteristically associated with developmental repression, H3 lysine 9 trimethylation (Fig. 9B) . Both hematopoietic cells and monocytes had extremely low levels of this modification at the TNF-␣ locus. As a positive control, we used NTERA-2cl.D2 cells, a testicular embryonal carcinoma FIG. 7 . DNA methylation status of the TNF-␣ locus in primary cells. The legend is as for Fig. 1 . Cell sources were undifferentiated hESCs, hEBs harvested at various times in culture (ϩ, growth in cytokine-supplemented media), hematopoietic stem cells (HSC) purified from a peripheral blood harvest, human liver, peripheral blood monocytes purified by elutriation, and peripheral blood monocytes differentiated by adherence for 7 days into macrophages. line which can differentiate down a neural path with retinoic acid. These cells had a higher level of H3 lysine 9 trimethylation than either hematopoietic stem cells or monocytes, suggesting that this repressive mark had been removed prior to hematopoietic cell differentiation.
DISCUSSION
The regulation of TNF-␣ expression has long been recognized as complex. The transcription factors known participate in the regulation of TNF-␣ are fairly broadly distributed, and This suggests that another layer of control regulates which cells are competent to produce TNF-␣. Early data demonstrated that fusion of a nonexpressing fibroblast cell line with a monocyte line silenced the formerly competent TNF-␣ genes from the monocyte line, and this was accompanied by increased DNA methylation (31) . Recent data have identified histone acetylation and prebound BRG-1 as characteristic of early response genes such as TNF-␣. These data together suggested that epigenetic factors might contribute substantially to the control of expression.
This study was focused on identifying developmentally mediated chromatin changes that establish competence for transcription in myeloid cells. We specifically examined H3 and H4 acetylation as well as H3 lysine 4 methylation. All of these modifications are supported by abundant mechanistic data demonstrating their roles in global genome transcription patterns (6, 7, 25, 50) . MLL, a histone methyltransferase, has been demonstrated to bind the TNF-␣ promoter, and ATF2 and CBP, both histone acetylators, have been implicated in transcriptional regulation of TNF-␣, supporting the strategy of evaluating these specific histone modifications (21, 23, 59; M. G. Guenther, personal communication). Our data appear to show an orderly series of events that accompany myeloid differentiation and that these events progressively lead to competence for the production of TNF-␣ (Fig. 10) . Myeloid differentiation proceeds stepwise from ESCs through mesenchymal differentiation to hematopoietic stem cells and then monocytes. Thus, it should not be surprising that differentiation, which is a series of progressive steps, is accompanied by a series of steps that progressively alter the epigenetic landscape of the TNF-␣ gene, ultimately leading to transcriptional competence. The first event is DNA demethylation of the TNF-␣ locus, which seems to arise from the coding region and extend 5Ј into the promoter. The DNA demethylation begins to occur between the EB stage and differentiation into hematopoietic stem cells. Further demethylation continues as the cells differentiate into monocytes. A cell such as the hepatocyte, which is capable of producing TNF-␣ only after a priming stimulus, is only partially demethylated. A second step in the acquisition of transcriptional competence is the relocation of the TNF-␣ locus into euchromatin. This appears to occur just after hematopoietic stem cell development but may begin at the EB stage with a move from being embedded in centromeric heterochromatin domains to being adjacent to centromeric heterochromatin. Maturation into monocytes is accompanied by H4 acetylation and H3 lysine 4 methylation. When the cells were stimulated, histone acetylation and H3 lysine 4 methylation increased.
The primary cells were both similar and different from the cell lines. The major difference lay in the nuclear localization of the TNF-␣ locus. Another difference was in the pattern of histone modifications. The primary cells came from a variety of donors, and we did not observe differences between donors; however, it is possible that the peripheral blood monocytes had received some stimulation through adherence prior to the assay, accounting for the more advanced appearance of their histone modifications. This concept is supported by the finding of low levels of TNF-␣ transcripts by reverse transcription-PCR in unstimulated monocytes. A surprising finding was the dramatic changes occurring at the third intron enhancer with stimulation. Histone modifications at enhancers have not been widely studied, although they appear to have a different histone signature from promoters (25) . This enhancer was examined in two previous publications with conflicting results (5, 56) . Our data support a significant role for the third intron enhancer in primary monocytes.
Manipulation of histone acetylation, histone methylation, and DNA methylation each altered the ability of the cells to produce TNF-␣, suggesting that these are not mere correlates of transcriptional competence but are mechanistically important. This study only began to examine the details of the histone modifications. ATF2 and CBP have already been demonstrated to regulate TNF-␣, and MLL has now been implicated in H3 lysine 4 methylation, which appears to be important for transcription (13, 59, 60) . The pathways responsible for activation of these molecules in a manner which would allow gene-specific regulation are largely unknown and likely differ from cell type to cell type. This study focused on epigenetic changes in myeloid lineage cells because they produce the bulk of TNF-␣. Nevertheless, many cells can produce small amounts of TNF-␣, and whether production of TNF-␣ in these cells is also governed by epigenetic controls is uncertain. This work may be of relevance for understanding inflammatory diseases. Rheumatoid arthritis and Crohn's disease are characterized by TNF-␣ overexpression. Defining the role of epigenetic regulation of TNF-␣ may lead to new therapeutic strategies for these chronic inflammatory diseases. This study clearly demonstrates that epigenetic modifications are progressively acquired during monocyte differentiation. Further modifications are acquired during activation of transcription. The critical importance of these epigenetic changes was demonstrated by experimental manipulation and defining changes in TNF-␣ production. Therapeutic interventions directed at epigenetic variables might lead to control of this important inflammatory cytokine. 
